Fault picking is a critical, but human-labor-intensive component of seismic interpretation. In a bid to improve fault imaging in seismic data, we have applied a directional Laplacian of a Gaussian operator to sharpen fault features within a coherence volume. We computed an M × M matrix of the second moment tensor distanceweighted coherence values that fell within a 3D analysis window about each voxel. The eigenvectors of this matrix defined the orientation of planar discontinuities, whereas the corresponding eigenvalues determined whether these discontinuities were significant. The eigenvectors, which quantified the fault dip magnitude and dip azimuth, defined a natural coordinate system for smoothing of the planar discontinuity. We rotated the data to the new coordinate system and applied the sharpening operator. By comparing the vector dip of the discontinuity to the vector dip of the reflectors, we could apply a filter to either suppress or enhance discontinuities associated with unconformities or low-signal-to-noise-ratio shale-on-shale reflectors. We have revealed the value and robustness of the technique by application to two 3D data volumes from offshore New Zealand, which exhibited polygonal faulting, shale dewatering, and mass transport complexes.
Introduction
Fault image enhancement remains a pivotal objective in 3D seismic interpretation. Interpreting fault features is time consuming and can be highly dependent on the interpreters' experience and skill. Although significant effort has been devoted to improve the signal-to-noise-ratio (S/N) of reflectors, such as structure-oriented edge-preserving filtering (e.g., Hoecker and Fehmers, 2002; Luo et al., 2002; Marfurt, 2006) , less effort has been directed toward fault enhancement and analysis.
Most fault-enhancement filters are applied to coherence volumes. By construction, current implementations of coherence assume that each voxel is independent of its neighbors, such that there is no algorithmic linkage between adjacent low-coherence anomalies. AlBinHassan and Marfurt (2003) evaluate the Hough transform as a potential fault enhancement algorithm but find it to be computationally very intensive. Aare and Wallet (2011) and Dorn and Kadlec (2011) show considerable improvements on this approach that accurately define the continuity of larger faults. As a by-product, Dorn and Kadlec (2011) also generate measures of the fault dip, fault azimuth, and probability that a fault exists at each voxel. Lavialle et al. (2007) address a fault attribute based on a robust directional scheme applied to a seismic amplitude volume that differentiates faults from stratigraphic features.
It performs an eigenstructure analysis of the covariance matrix computed from a window of amplitude gradient vectors. Their workflow hypothesizes that groups of disorder patches are more likely to represent faults, whereas more isolated patches are more likely to represent stratigraphic features. Lavialle et al. (2007) introduce a nonlinear filtering technique based on the definition of a partial differential equation that denoises and preserves faults before automatic fault extraction. Barnes (2006) applies eigenvector analysis to coherence volumes and designs filters that dilate the anomalies such that some of them merge. These dilated images are subsequently skeletonized to form sharp discontinuities. Finally, he applies an additional filter to pass near-vertical planar coherence anomalies. Our proposed method sharpens the discontinuities' image while allowing for a better characterization of their orientation for direct applications in exploration and development geophysics.
We begin our paper with a summary of how to estimate fault dip and fault azimuth from coherence volumes. Next, we use an edge-enhancement technique often used in the field of photography, by applying the Laplacian of a Gaussian (LoG) filter to coherence anomalies along reflector dip and azimuth. We modify the LoG algorithm to be directional, with the shortest dimension of the operator perpendicular to the hypothesized fault or unconformity anomaly. Finally, we 1 construct a filter based on the vector dips of the reflector and the coherence anomalies to either suppress or enhance anomalies subparallel to stratigraphy. As with reflector dip and curvature, ideally, this algorithm should be applied to depth-migrated data or time-migrated data converted to depth. Accurate estimates of fault dip azimuth and approximate estimates of fault dip magnitude can be computed from time-migrated data using a conversion velocity appropriate for the depth of interest. Currently, we have not tested these algorithms on depth-domain data.
We demonstrate the value of our algorithm through application to two time-migrated surveys acquired offshore New Zealand that exhibit polygonal faulting, shale dewatering, and channel complexes.
Theory and methodology Eigenvector estimation of fault dip and azimuth
Our work is based on Barnes' (2006) contribution to edge detection methods, in which he constructs a second moment tensor using an edge attribute α m with an M-voxel analysis window in the following equation: Interpretation / February 2016 SB53 Figure 6 . Time slice at t ¼ 2.52 s through corendered fault dip azimuth, fault dip magnitude, LoG of coherence and seismic amplitude. The fault dip magnitude and dip azimuth are computed from v 3 . The transparency function used for each attribute is displayed on top of the colorbar. Fault dip azimuth is plotted against a cyclical colorbar, fault dip magnitude against a monochrome grayscale, the LoG attribute against a monochrome white scale, and seismic amplitude against a black and white binary colorbar. The fault dip azimuth and magnitude can be easily characterized through this combination of attributes. Sharpened events subparallel to the vertical slices appear smeared (blue and yellow on the north-south line and red and green on the east-west line). The white arrows represent the fundamental motion of fault blocks with dips in opposite directions. where the variables x im and x jm are the distances from the center of the analysis window along axis i and j of the mth data point, respectively. To numerically support the LoG operator, the analysis window needs to include at least seven traces along the x-and y-axes, thereby defining a sphere of points in x, y, and z in which z is the depth-converted samples.
In general, the value of α m in equation 1 should be zero in the absence of an anomaly. If we assume that the great majority of our data is highly coherent, such that c m ¼ 1.0, we define α m ¼ 1 − c m (where c m is coherence). In a 3D setting, the second moment tensor C has three eigenvalues λ j and eigenvectors v j , given by the following construction:
The values of λ 3 and v 3 are key to our subsequent analysis. If λ 1 ≈ λ 2 ≫ λ 3 , the edge attribute defines a plane that is normal to the third eigenvector v 3 . If λ 1 ≈ λ 2 ≈ λ 3 , then the coherence data represent either chaotic (λ 3 large) or homogeneous (λ 3 small) seismic facies. In such cases, the orientation of the geologic feature becomes randomized and cannot be used for further interpretation. The eigenvectors v 1 and v 2 define a plane that leastsquares fits the cloud of edge attributes α m (Figure 1) .
To display the orientation of a planar feature, we define the "fault" dip magnitude θ to be as follows:
the "fault" dip azimuth to be as follows:
and with the three components of eigenvector v 3 defined as follows:
where the x 1 -axis is oriented positive to the north, the x 2 -axis is oriented positive to the east, and the x 3 -axis is oriented positive down. Here, we use the word "fault" in quotes; whereas we are interested in mapping and enhancing faults, this method works similarly for mapping any discontinuity, such as angular unconformities. If the input attributes α m were of most positive curvature, we would sharpen fold axes. The word "fault" will help us to differentiate these dips from those of the reflector's dip magnitude and dip azimuth, which we will discuss later. Using a multiattribute display technique described by Marfurt (2015) , we plot the fault dip azimuth against a cyclical colorbar, the fault dip magnitude against a monochrome grayscale, and the original coherence against a monochrome white scale (Figure 2 ). Note in this image that the fault dip azimuth ranges between −180°and þ180°. Thus, a near-vertical fault dipping toward the southwest may be described by (θ ¼ 80°, ψ ¼ −120°) and appears as green, whereas one dipping to the northeast may be described by (θ ¼ 80°, ψ ¼ þ60°) and appears magenta. The accuracy of the dip magnitude depends on the accuracy of the time-depth conversion described earlier.
This color mapping results in horizontal features such as unconformities appearing as monochrome gray.
Fault smoothing and edge enhancement using the LoG operator Laplacian operators are commonly used in sharpening photographic images (Millán and Valencia, 2005) . Unfortunately, such sharpening can exacerbate shortwavelength noise. In contrast, Gaussian operators are used to smooth such images. The "LoG" operator avoids some of the artifacts of the Laplacian operator itself by smoothing high-frequency artifacts prior to sharpening. Using the associative law when creating the operator, one finds the below equation:
The composite operator LoG will have the general form as follows:
LGα where σ 2 defines the variance of the Gaussian smoother.
Such a mathematical implementation has two advantages: First, one can precompute the LoG operator, rather than cascade two separate operations, resulting in a more efficient algorithm. Second, one is no longer restricted to orienting the Laplacian operator along the seismic acquisition axes, allowing one to implement a directional filter.
Directional smoothing and sharpening
We will modify the LoG operator to be directional: smoothing along the direction perpendicular to the planar discontinuity defined by the eigenvectors v 1 and v 2 . We define the Gaussian to be elongated along the planar axes:
where Σ is defined as follows:
where σ 1 ¼ σ 2 ¼ σ 3 and x 0 indicates the coordinates of the voxels in the analysis window within the rotated coordinate system, aligned with the hypothesized fault. In our examples, the bin size Δy ¼ 25 m, Δx ¼ 12.5 m; to have good numerical support of the LoG, we set σ 3 ¼ 25 m and σ 1 ¼ σ 2 ¼ 75 m. In our original (unprimed system), the Gaussian then becomes as follows:
where R is the rotation matrix that aligns the new x 0 -axis with v 3 given by the below equation:
The second derivative of the Gaussian in the x 0 3 direction can be written as:
where γ represents a normalization term. Figure 9 . Time slice at t ¼ 2.52 s through faults shown in Figure 6 highlighting near-horizontal discontinuities through the use of a taper, which hinders any feature with a dip greater than 25°.
Interpretation / February 2016 SB57 Application We evaluate our proposed algorithm by applying it to two seismic volumes from offshore New Zealand. The first survey is over the Great South Basin (GSB) that lies off the southeast coast of South Island of New Zealand. The basin formed during the mid-Cretaceous and is divided into several highly faulted subbasins. The second survey is from the Canterbury Basin of the eastern coast of South Island, New Zealand. Figure 3 shows a time slice and a vertical slice through the seismic amplitude volume from GSB. Figure 4 shows the same slices through the corresponding coherence volume computed along structural dip. Note the fault pattern in the central part of the survey, seen on amplitude and coherence slices. Other coherence anomalies are noticeable at t ¼ 1.35 s on the vertical slice indicating a series of steeply dipping faults.
We now sharpen the image shown in Figure 4 through application of the LoG operator along structural dip and display the results in Figure 5 . Using a conversion velocity of 3000 m∕s and a 75 m radius window, the directional LoG filter sharpens the fault features and removes high-frequency noise from the input coherence volume. In addition to sharpening, we apply a filter (Figure 5c ) that suppresses coherence anomalies parallel to the reflector dip. Fault features indicated by block arrows are more prominent and easier to pick, whereas some of the noise is suppressed. The conversion velocity was the same as that used to compute the reflector dip and azimuth.
Note that the LoG filter followed by a dip magnitude filter enhances the faults at t ¼ 1.35 s in the upper portion of the vertical cross section and improved its continuity. Figure 6 shows the components of eigenvector v 3 corendered with the directional LoG attribute volume. The fault or unconformity dip magnitude with respect to the reflector of any given planar event is defined by v 33 . We plot this attribute against saturation in a hue lightness saturation (HLS) display. The azimuth ψ of steeply dipping planar events (typically faults) is computed from equation 4, in which axis 1 is north. Finally, the LoG attribute values are plotted against a transparency such that low-coherence events appear to be transparent on an otherwise white background. Figure 6 clearly exhibits the orientation of the fault systems present in the data. The southern faults on the time slice show a predominant southwest-dipping direction, whereas in the northern region, we can see a more eastward-dipping direction. On most of the faults, we Figure 10 . Time slice at t ¼ 2.52 s through faults corresponding to Figure 6 with a dip magnitude filter that rejects features whose dip is less than 65°.
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can see a nearly parallel fault of opposite azimuth, representing the fundamental motion of faults defining horsts and grabens appearing as green/pink (west/east) and blue/yellow (north/south) linear couplets. On the vertical slices, the orientation of the fault azimuth is more clearly seen. Faults subparallel to the vertical slice appear "blurred." Notice the northward-dipping faults in the upper left portion of the image, with the events clearly shown in the overlaid seismic amplitude.
The dip magnitude of the fault features is also displayed on Figure 6 . Notice how the southern fault system (the right side of the image) is less bright than the northern one, which indicates that it is less vertical. Most of the horizontal events were suppressed by the application of the filter shown in Figure 5c . Figure 7 shows a seismic image of shale dewatering features from the Canterbury Basin survey acquired in New Zealand. The LoG highlights and sharpens the linear features, whereas the eigenvectors implementation displays the azimuth of said events. Examination of the polygonal fault system highlighted shows an outwarddipping trend for most of the features. Figure 8 shows seismic images of a turbidity system in the Canterbury Basin survey before and after directional LoG filtering of conventional coherence. The coherence image in Figure 8a shows channels in the central and northeastern portion of the image. Figure 8b after LoG and dip magnitude filtering shows an image that is noticeably cleaner, with discontinuities more sharply defined. Finally, Figure 8c shows the channels through the "fault" dip magnitude and dip azimuth. Notice how the northern edge of the channels of the central portion of the image is dipping northward. This can also provide information on the nature and depositional direction of the sediments.
Figures 5-8 show images generated using the dip magnitude filter described in Figure 5c . Other similar filters can be designed on either the dip magnitude or dip azimuth. Figures 9 and 10 show two different tapers applied to the same data set at the same depth as the one shown on Figure 6 . In Figure 9 , we enhance low-coherence events parallel to the structural dip, and we reject discontinuities with a dip greater than 25°. Such features appear grayer because the reflectors are relatively flat.
In contrast, Figure 10 shows the same slices as in Figure 9 but with a filter that rejected features with a dip magnitude less than 65°. The faults are brighter because they are steeper with less of a gray overprint in the dis- Figure 11 . Three-dimensional view of two vertical lines through the seismic amplitude volume and a box probe through corendered fault dip azimuth and fault dip magnitude showing polygonal faulting. The coherence c after directional LoG filtering has been used to modulate the opacity, where voxels with s > 0.5 are rendered as transparent. Lineaments with a less than 250 dip to the reflectors have been filtered out.
Interpretation / February 2016 SB59 play. The faults in the central part of the survey are more steeply dipping, whereas those to the north have been filtered out.
In Figure 11 , a box probe was created to isolate the 3D image of the fault system from the Canterbury Basin data set. Through the corendered fault dip azimuth and dip magnitude, with opacity modulated by the LoG coherence attribute, we were able to model the 3D image of such features. Figure 12 shows the same box probe from Figure 11 . By making use of the same corendering parameters, we were able to isolate faulting features within a defined range of azimuth. Such a manipulation of the dip azimuth of these features allows us to highlight antithetic faulting in the basin, as shown by the opposed dipping directions of the faults portrayed.
Conclusions
Fault image enhancement remains a pivotal objective in seismic data interpretation. Eigenvector analysis provides a means of volumetrically comparing the dip magnitude and dip azimuth of linear discontinuities. The directional LoG sharpens fault images and improves fault continuity seen on the input coherence volume.
Thus, we have measures not only of the strength of the discontinuities but also of their orientation. Using such measures, we can reject or enhance geologic features and noise aligned with the reflector dip, or we can generate an image of faults that fall within an interpreter-defined azimuthal orientation. Such quantification of the orientation may facilitate statistical correlation of production to a given fault set or provide the anisotropic variogram used in geostatistical analysis of turbidite and fluvial deltaic deposits. Application of the same algorithm to curvature anomalies provides measures of dip and azimuth of axial planes.
